ABSTRACT
Introduction
Clay mineral/polymer nanocomposites (CPNs) have been developed for years since the montmorillonite (Mt)/nylon 6 nanocomposites were first synthesised by Toyota Research Centre (Usuki et al., 1993) . Single layers of Clay minerals such as Mt are known to have large aspect ratios and superior mechanical properties . CPNs have drawn considerable attention as by dispersing a small mass content of clay mineral (lower than 10 wt.%) into the polymer matrix, the mechanical properties and barrier properties can be significantly improved in respect to those of the neat polymer (Giannelis, 1998; Okada and Usuki, 2007) . However, the mass content of clay mineral in CPNs was usually limited to be under 10% because when a higher amount of clay mineral was incorporated, the dispersion could be worse and thus deteriorate the performance (Chen, 2004; Chen et al., 2008) .
Nacre-mimetics paved a promising way for synthesising CPN with high amounts of clay mineral (Mayer, 2005) . By the ordered alignment of the inorganic building blocks, ultrahigh Young's modulus and tensile strength could be achieved (Fratzl et al., 2007) . There were many methods for mimicking nacre, such as layer-by-layer assembly (Tang et al., 2003) , vacuum filtration (Yao et al., 2010) and solution casting induced self-assembly (Kochumalayil et al., 2012) . Montmorillonite, as an interesting inorganic filler with a single layer thickness of ~1 nm (Chen and Evans, 2004) , has been utilised for making nacremimicking bionanocomposite materials with polymers such as chitosan (Yao et al., 2010) by solvent evaporation induced self-assembly method. The resultant materials displayed a unique ordered microstructure and excellent mechanical properties. The obtained Mt/chitosan nanocomposite films, with a high Mt mass content of 76%, a Young's modulus of 10.7 GPa, a tensile strength of 76 MPa and a low strain at break of 0.97% were achieved.
Alginates (Algs), a kind of polysaccharides which are abundant in brown algae, are made of (1-4)-linked β-d-mannuronic acid units and α-l-guluronic acid units (Norajit et al., 2010) . G blocks of the adjacent alginate polymer chains can be efficiently crosslinked through the ionic bonding by multivalent cations such as Ca 2+ (George and Abraham, 2006) . They are widely used in the areas of food packaging , drug delivery (Tonnesen and Karlsen, 2002) and enzyme carrying (Gorenek et al., 2004) because of the excellent biocompatibility (Kim et al., 2011) and biodegradability (Schaumann and Weide, 1990 ).
However, poor mechanical and gas barrier properties, as well as low stability in water, limit their application in the aquatic environment (Rhim, 2004) . In order to overcome these drawbacks, Mt/Alg nanocomposites were developed. It was reported previously that based on the Velcro effect, the tetrahedral SiO4 geometry and OH groups of Mt layers are likely to form dense hydrogen bonding networks with many hydrophilic polymers such as poly(vinyl alcohol), chitosan and Alg (Podsiadlo et al., 2007) . In particular, Alg is known to be able to form dense hydrogen bonds with Mt layers because it is rich in oxygen containing functional groups such as −OH, −COO, and -O- (Bhattarai et al., 2006) . Mt/Alg nanocomposite dry films with an Mt mass content below 5% were reported recently Alboofetileh et al., 2013; Tezcan et al., 2012) . By incorporating a low mass content of Mt (< 5%), the water solubility of Mt/Alg nanocomposite films could be reduced by 40%, illustrating much better stability in water than that of the conventional Alg dry films Alboofetileh et al., 2013) . With the incorporation of 3 wt.% Mt in respect to Alg, tensile strength of the nanocomposite dry film could reach 28 MPa, which was 55% higher than that of the neat Alg dry film . As for the optical properties, the incorporation of Mt did not significantly reduce the transparency of Alg film, and the resultant nanocomposite films could effectively inhibit the transmittance of UV light Alboofetileh et al., 2013; Tezcan et al., 2012) . Mt/Alg nanocomposites with high clay mineral mass contents (≥ 50%) were also investigated (Zlopasa et al., 2015) . By the solution evaporation induced self-assembly method, highly ordered microstructure was obtained in the dry films. It was believed that while both Alg chains and Mt surface are negatively charged, the unique nacre-mimicking structure could be achieved by the electrostatic interaction between negatively charged Alg chains and positively charged Mt edge which restricted the movement of Mt layers during solution casting (Zlopasa et al., 2015) . However, the mechanical properties of these Mt/Alg nanocomposite films fully soaked in water were not studied so their stability in water is unknown.
Due to the high solubility of Alg in water, full or partial dissolution of Mt/Alg films in water is inevitable. However, Alg becomes insoluble in water when G-blocks of Alg chains are ionically crosslinked by Ca 2+ (George and Abraham, 2006 
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Materials
Sodium alginate (Alg), with a purity of 99%, viscosity (1% in water, viscosity at 25 o C ≥ 0.015 Pa s), molar mass (12000~40000, determined by gel permeation chromatography), mannuronic/guluronic ratio (1.6, determined by proton nuclear magnetic resonance), and calcium chloride anhydrous (CaCl2) with a purity ≥ 96.0% were purchased from Sigma (Su et al., 2017) .
The process of synthesizing Alg and its nanocomposite films was described below. Following the same procedure, Mt3Alg7 (Mt/Alg = 0.3 g/0.7 g) and Mt5Alg5 (Mt/Alg = 0.5 g/0.5 g) were also prepared. Therefore, the mass ratios of Mt/Alg were varied to be 1:4, 3:7 and 1:1. The total mass of solid and the solid concentration of the mixture for solution casting were fixed at 1 g and 0.010 g mL -1 . These Mt/Alg nanocomposite films were readily soluble in water. Alg films were also prepared for comparison by the same method with the 0.010 g mL -1 Alg solution without using Mt dispersion, denoted as Alg10.
Ca 2+ -MtAlg nanocomposite films were prepared by submerging the as-prepared Mt2Alg8, Mt3Alg7 and Mt5Alg5 films in a 0.3 M CaCl2 solution for 24 h to reach the equilibrium swelling state (Vale et al., 2005; Yang et al., 2013) . All the Ca 2+ -MtAlg films were then immersed in distilled water for another 24 h to remove excess Ca 2+ (Vale et al., 2005 spectroscopy was carried out using a Spectrum 100 spectrophotometer (PerkinElmer) in the wavenumber region from 4000 to 600 cm -1 with a resolution of 1 cm -1 . The samples were grinded into powders, put on a diamond ATR sensor and compressed. Before each test, a background scan was run first. Each sample was scanned for 8 times.
The tensile tests were conducted on a Hounsfield mechanical test equipment LTD according to ISO 527. The test samples were cut into dog-bone shape with a gauge length of 25 mm and a width of 3.5 mm by an ISO 2075 standard test sample cutter. The thickness of the test samples was measured by a digital caliper with a resolution of 0.01 mm. A 10 N load cell was used, and the crosshead speed was set to be 5 mm min -1 . At least 5 samples were tested for each material.
Swelling tests were done by submerging freeze-dried Ca 2+ -MtAlg films in distilled water until the mass stayed constant at room temperature. The equilibrium swelling ratio was defined as: φ = (We -Wd)/Wd × 100%, where We and Wd represented the masses of the fully swollen sample and the dry sample before swelling tests, respectively, which were measured using an analytical balance. The fully swollen samples taken from water were gently wiped by tissue paper to remove the surface water and then immediately weighed. Five samples were tested for each material.
Ultraviolet-visible (UV-Vis) spectroscopy was conducted on a Perkin Elmer Lambda 900 spectrometer with a 1 nm resolution to measure the light transmittance of Ca 2+ -MtAlg and Ca 2+ -Alg films in the range of 250~800 nm.
Solvent-sensitivity tests were achieved by submerging flat Ca 2+ -MtAlg films in methanol or acetone for 24 h. The shape-change of the films was observed in the solvent. Then the solvent-treated films were placed in distilled water to determine if they were able to recover their original shape. 
Results and discussion
Formation and structure of Ca
2+ -MtAlg nanocomposite films
As seen in Scheme 1 (a), Ca 2+ -MtAlg films were synthesised following mainly four steps.
First, the Mt dispersion and Alg solution were mixed and stirred to achieve a fine Mt-Alg adsorption and dispersion. Secondly, nacre-like MtAlg films were fabricated by solution casting, and Mt edge-Alg electrostatic interaction, Mt-Alg hydrogen bonding, together with the large specific surface area of Mt (Zlopasa et al., 2015) , helped to form layered structure.
Thirdly, MtAlg films were swollen in the CaCl2 solution and Ca 2+ crosslinked Alg chains to form Ca 2+ -MtAlg. As a result, G blocks of Alg chains were crosslinked by divalent Ca 2+ to form "egg-box" structure (George and Abraham, 2006; Liang et al., 2016) . Some Ca 2+ were also adsorbed onto the surface of Mt layers (Brevik and Burgess, 2012; Rytwo et al., 1996) .
At last, the excess Ca The Mt dispersion in the freeze-dried Ca 2+ -MtAlg nanocomposite films could be depicted
by Figure 1 (a), Table 1 and Scheme 1 (a). According to Bragg's law (Bragg and Bragg, 1913) , the distinctive peak reflection at 2θ = 7.1 o of the neat Mt showed that its interlayer spacing, d001 peak value was 1.23 nm (Chen and Evans, 2004) . Neither Alg nor Ca 2+ -Alg displayed any characteristic reflection from 2 o to 20 o because they did not contain any Mt.
The Mt/Alg nanocomposites with or without Ca 2+ showed a greater d001 value than that of the neat Mt. These results indicated that Alg chains were inserted into the interlayer space of Mt, forming intercalated nanostructure Alboofetileh et al., 2013; Liang et al., 2016 (Kevadiya et al., 2010; Abdollahi et al., 2013; Mu et al., 2015; Liang et al., 2016) .
Besides, Mt edge could also interact with Alg, through hydrogen bonding between the hydroxyl groups on the Mt edge and carbonyl groups of Alg Liang et al., 2016; Wu et al., 2016; Zlopasa et al., 2016) . For Mt, the FTIR peak at 3625 cm -1 was characteristic for hydroxyl groups. This peak disappeared in Ca 2+ -Mt2Alg8 and Mt3Alg7,
while it shifted to a lower wavenumber in Ca 2+ -Mt3Alg7 and Ca 2+ -Mt5Alg5. It was known from the previous work (Qiu et al., 2014) that the formation of Mt-Alg hydrogen bonding made the -OH peak of Mt shift to a lower wavenumber, and a high mass content of Alg (≥ 60%) could make this peak disappear (Kevadiya et al., 2010) . Meanwhile, there was a peak at 1590 cm -1 characteristic for COO -asymmetric stretch of Alg chains (Kevadiya et al., 2010; Qiu et al., 2014) . This peak shifted to a higher wavenumber in Mt/Alg nanocomposites.
These FTIR results confirm the formation of ample hydrogen bonds between Alg chains and Mt layers as shown in Scheme 1 (b) (Kevadiya et al., 2010; Qiu et al., 2014) .
For Alg and MtAlg73, there was a peak at 1406 cm -1 which was characteristic for COO -symmetric stretch of Alg chains (Lawrie et al., 2007; Sartori et al., 1997 MtAlg shifted to higher wavenumbers, it indicated the ionic crosslinking and the formation of "egg-box" structure between Ca 2+ and carboxyl groups of two neighbouring Alg chains (Sartori et al., 1997) . As for the "egg-box" structure of G blocks, Alg chains were folded and formed a dense and hydrophobic part as shown in Scheme 1 (c) ). Once Ca 2+ was introduced to replace Na + of Alg, the charge density, the radius and the atomic mass of the cations were altered so that a peak shift was detected (Daemi and Barikani, 2012; Sartori et al., 1997) . The microstructure of freeze-dried Ca 2+ -crosslinked hydrogel films could be observed by SEM in Figure 1 (h-k) . On the cross-sectional surface of Ca 2+ -Alg, there were highly dense layers of Ca 2+ -crosslinked Alg shown as dark blocks, and loosely contacted and unconnected
Alg chains shown as bright threads. This feature resulted from polymer folding and separate phases of polymer layers, forming inhomogeneous microstructure by the means of external gelation (Al-Remawi, 2012).
When it came to Ca 2+ -Mt2Alg8, there were no obvious loose polymer threads because of the adsorption of Alg chains onto Mt layers by montmorillonite edge-Alg electrostatic interaction and hydrogen bonding Zlopasa et al., 2015) . As with a previous research , the smoothness of the surface reduced with the incorporation of Mt layers.
As for Ca 2+ -Mt3Alg7 and Ca 2+ -Mt5Alg5, with the enhanced Mt content compared to that of Ca 2+ -Mt2Alg8, typical nacre-like structure with ordered alignment of Mt chunks was displayed, confirming that with a high Mt mass content ≥ 20%, Alg is capable of forming nacre-like microstructure by solution casting method (Liang et al., 2016; Zlopasa et al., 2015) .
Unlike the previously reported Mt/Alg/Ca 2+ nanocomposite films (Liang et al., 2016) which displayed dense alignment, there were some pores embedded in between the orientated lamellae of Ca 2+ -Mt3Alg7 because it was fully swollen in water, forming Ca 2+ -crosslinked hydrogels before freeze-drying. After freeze-drying, porous structure was preserved like some other dehydrated Ca 2+ -Alg hydrogels without Mt reported in the literature (de Moura et al., 2005) .
Comparing Ca 2+ -Mt5Alg5 with Ca 2+ -Mt3Alg7, the former displayed significant pull-out of Mt chunks which was common in many nacre-mimicking materials (Das et al., 2015) while the latter did not. This implied that some Mt layers on the fracture surface of Ca 2+ -Mt5Alg5 were pulled out when the samples were fractured in liquid nitrogen (Hao et al., 2016) . At a high content of clay mineral, when the clay mineral aspect ratio was lower than 1000 and polymer chains were interlocked with Mt layers, nacre-mimicking materials tended to break in this "pull-out" way (Das et al., 2015; Hao et al., 2016) . However, Ca 2+ -Mt3Alg7
only had a few pull-out layers. This was originated from the chemical composition, which could be confirmed by thermogravimetric analysis and swelling tests. On one hand, the water mass percentages in the fully swollen Ca 2+ -Mt3Alg7 and Ca 2+ -Mt5Alg5 were known as 0.27 and 0.35, respectively. Like many nanocomposite hydrogels, as the polymer chains were extended and the crosslinking density reduced during swelling, the swollen nanocomposite hydrogels became weak (Su et al., 2017) . So due to the low water content of Ca 2+ -Mt3Alg7 nanocomposite hydrogel films, they were mechanically stronger than Ca 2+ -Mt5Alg5, impeding the Mt pull-out. On the other hand, from Figure 1 (g), Table 1 and hindering the Mt pull-out. Besides, the former might have more Mt edge-Alg electrostatic bonds and Mt-Alg hydrogen bonds due to its lower Mt/Alg ratio, also increasing the crosslinking density and inhibiting the Mt pull-out (Yao et al., 2017) .
Besides, there was no obvious porous structure found in Ca 2+ -Mt5Alg5 and its microstructure was relatively compact compared to that of Ca 2+ -Mt3Alg7. This was probably due to the higher Mt content of Ca 2+ -Mt5Alg5 than that of Ca 2+ -Mt3Alg7. In Ca 2+ -Mt5Alg5, because of the higher Mt content, the interaction between the adjacent Mt layers was higher than that in Ca 2+ -Mt3Alg7. Therefore, despite of using a freeze-drying process, the freezedried Ca 2+ -Mt5Alg5 failed to keep the porous structure of the Ca 2+ -crosslinked hydrogels, unlike Ca 2+ -Mt3Alg7, but showed more ordered and compact structure instead (Das et al., 2017) .
Mechanical properties of Ca 2+ -MtAlg nanocomposites
The mechanical properties and swelling behavours of Ca 2+ -Mt2Alg8, Ca 2+ -Mt3Alg7 and Ca 2+ -Mt5Alg5 were shown in Figure 2 (a) and Table 2 , respectively. (Liang et al., 2016; Zlopasa et al., 2015) . Unlike the brittle Ca 2+ -Alg ionic network of Ca 2+ -Alg (Sun et al., 2012) , the montmorillonite edge-Alg electrostatic bonds and ample Mt-Alg hydrogen bonds in Ca 2+ -MtAlg nanocomposite hydrogel films increased the crosslinking density strengthening the nanocomposite hydrogel films (Wu et al., 2016) . Besides, Ca 2+ -Mt electrostatic interaction also played an important role in the mechanical properties of Ca 2+ -MtAlg nanocomposite hydrogel films.
Comparing Ca 2+ -Mt3Alg7 with Ca 2+ -Mt2Alg8, on one hand, the former displayed an over 6-fold higher Young's modulus and nearly 4 times higher tensile strength than the latter. First, the lower swelling ratio of Ca 2+ -Mt3Alg7 also contributed to the higher Young's modulus and tensile strength because water softened polymer chains and reduced the mechanical performance for clay mineral-polymer nanocomposite films . Secondly, when positively charged Ca 2+ were adsorbed onto the negatively charged Mt layers, they interacted by the electrostatic attraction. So when a higher amount of Ca 2+ was adsorbed onto Mt in Ca 2+ -Mt3Alg7, the electrostatic attraction increased and led to an enhanced crosslinking density, Young's modulus and tensile strength (Segad et al., 2010) .
Thirdly, the higher Mt/Alg mass ratio of Ca 2+ -Mt3Alg7 might provide more montmorillonite edge-Alg electrostatic bonds and Mt-Alg hydrogen bonds than that of Ca 2+ -Mt2Alg8, further increasing the crosslinking density as well as its mechanical performance. On the other hand, Ca 2+ -Mt3Alg7 displayed half of the strain at break of Ca 2+ -Mt2Alg8 due to its lower content of flexible Alg chains and higher crosslinking density in the nanocomposite hydrogel film.
Comparing Ca 2+ -Mt3Alg7 with Ca 2+ -Mt5Alg5, the former displayed higher Young's modulus, tensile strength and strain at break. As discussed before, the higher swelling ratio of Ca 2+ -Mt5Alg5 deteriorated the mechanical properties compared to those of Ca 2+ -Mt3Alg7.
Also while the Mt content was higher, the reduced content of Ca 2+ adsorbed onto Mt layers in Ca 2+ -Mt5Alg5 declined its crosslinking density and mechanical properties compared to those of Ca 2+ -Mt3Alg7.
In comparison, after being immersed in water for a period, Mt3Alg7 films and AMt3Alg7Gly1.75 films were mostly dissolved. Ca 2+ -Mt3Alg97 and L-Mt3Alg7-Ca 2+ films were insoluble in water and only swelled. The latter two became as weak as wet paper and could not be tensile tested. These phenomena could be attributed to the absence of ionic crosslinking by Ca 2+ in Mt3Alg7 and A-Mt3Alg7Gly1.75, the low Mt content in Ca 2+ -Mt3Alg97 and the different synthetic method of L-Ca 2+ -Mt3Alg7. As for L-Ca 2+ -Mt3Alg7, vacuum filtration was used for preparation, which tended to give rise to a denser alignment of Mt layers than those prepared by solution casting (Yao et al., 2010) . Alg chains in the presence of Mt layers (Liang et al., 2016; Zlopasa et al., 2015) , significant strengthening effect of Mt layers was presented like the previously reported Mt/Alg nanocomposites Alboofetileh et al., 2013; Liang et al., 2016) .
Comparing D-Ca 2+ -Mt3Alg7 with Mt3Alg7, the former displayed a 27% higher Young's modulus, 19% higher tensile strength and lower strain at break, confirming that the incorporation of Ca 2+ strengthened the material by crosslinking Alg and interacting with Mt layers electrostatically (Liang et al., 2016; Segad et al., 2010; Sun et al., 2012) . Compared to L-Ca 2+ -Mt3Alg7 at the same Mt loading and with a tensile strength of 240 MPa and an energy at break of 6 MJ m -3 (Liang et al., 2016) , D-Ca 2+ -Mt3Alg7 showed a lower tensile strength and energy at break. This was due to the more compact microstructure of L-Ca 2+ -Mt3Alg7 originated from the different processing methods as discussed before.
In summary, the fully swollen Ca 2+ -MtAlg nanocomposite hydrogel films prepared in this work displayed an incredibly high Young's modulus up to 412 MPa and a tensile strength up to 28 MPa. To the authors' knowledge, the mechanical properties of fully swollen clay mineral/Alg nanocomposites have never been reported before, because they were either partially soluble in water or too weak to mechanically test Alboofetileh et al., 2013; Liang et al., 2016; Vale et al., 2005) . Apart from Mt/Alg nanocomposites, the tensile strength of fully swollen Ca 2+ -Mt3Alg7 was also higher than that of some wet films reported before such as L-3,4-dihydroxyphenylalanine crosslinked chitosan immersed in phosphate buffered saline solution for 3 h (18 MPa) (Oh and Hwang, 2013) , and chitosan-cellulose nanofibril nanocomposite films swollen in distilled water (12 MPa) . The high tensile strength of fully swollen Ca 2+ -Mt3Alg7 was attributed to the low equilibrium swelling ratio, optimal chemical composition, high crosslinking density, montmorillonite edge-Alg electrostatic interaction, ample Mt-Alg hydrogen bonds, strong Ca 2+ -Mt interaction and its aligned microstructure. Ca 2+ -MtAlg nanocomposite hydrogel films with excellent mechanical properties would be promising in the load-bearing aquatic applications, such as artificial membranes and tissue repair/reconstruction Liang et al., 2016; Vale et al., 2005) . tested by recording the transmittance within the range 250-800 nm as shown in Figure 3 (a) and Table S1 (See Supplementary Materials, Page S6, Table S1 ). Like some previously reported Mt/Alg nanocomposite films Tezcan et al., 2012) through. This was due to the blocking effect of the Mt-Alg phases with the lateral dimension larger than 400 nm, implying that Ca 2+ -MtAlg films were effective in blocking ultraviolet light (wavelength ≤ 400 nm). It is known that solar ultraviolet radiation is harmful to human and animal skin (Armstrong and Kricker, 2001; de Gruijl et al., 2001; Ichihashi et al., 2003) .
Optical properties of
Especially, ultraviolet B with a wavelength from 290 nm to 320 nm is more responsible to mutation and skin cancer than ultraviolet A with a wavelength from 320 nm to 400 nm (Ichihashi et al., 2003) . So combined with the biocompatibility of Alg (Kim et al., 2011) , Ca 2+ -MtAlg could be promising in the applications of UV-proof skin care.
As seen from Figure 3 (b), the text "The University" underneath Ca 2+ -MtAlg films could be still seen clearly. Because the length of Mt single layers as well as intercalated clay mineral tactoids (mostly in the range of 40-280 nm) (Chen and Evans, 2004; Su and Chen, 2018) were mostly smaller than the wavelength of visible light (400-700 nm), Ca 2+ -MtAlg nanocomposite films with intercalated and/or exfoliated Mt layers did not have a big blocking effect on the visible light passage Liang et al., 2016; Tezcan et al., 2012) . At the wavelength of 800 nm, Ca 2+ -Alg was highly transparent with a high light transmittance of 98.9% while the light transmittance decreased as the Mt content increased. This was quite common in Alg nanocomposite films Alboofetileh et al., 2013; Tezcan et al., 2012) . The in situ crosslinked Alg network and ample Mt-Alg hydrogen bonds brought in large continuous Mt/Alg phases.
Some of Mt/Alg phases were of large dimension reaching the wavelength of visible light and thus caused the reduced transparency (Liang et al., 2016; Rhim, 2011) .
Solvent sensitivity
Alg, with a high polarity and high molecular weight, is insoluble in alcohols or acetone, and it can only be dissolved in water (Pawar and Edgar, 2012) . As the methanol-water or acetone-water binding force is higher than alginate-water binding force, either methanol or acetone tends to extract water from Ca 2+ -crosslinked Alg hydrogels, resulting in significant shape responsivities of the hydrogels to alcohols or acetone (Lee and Mooney, 2012; Mu et al., 2015; Wan et al., 1992) . The solvent-sensitivity tests in methanol and acetone were conducted and the results were shown in Figure 4 (a-f). From Figure 4 (a-c), it was discovered that for methanol-treated Ca 2+ -MtAlg, the films were dehydrated slightly without obviously changing the shape. Ca 2+ -Mt2Alg8 slightly curved on the edges while Ca 2+ -Mt3Alg7 and Ca 2+ -Mt5Alg5 hardly changed their shape. This was different from the previous result (Liang et al., 2016) , in which significant shape change was observed by the L-Ca 2+ -Mt3Alg7 films. The reason for the different solvent sensitivity could be attributed to the different microstructure as illustrated in Figure 4 (g & h) . Because of the dense alignment of Mt layers by vacuum filtration (Yao et al., 2010) When it came to acetone, as shown in Figure 4 (d-f), the films were highly dehydrated and Ca 2+ -Mt2Alg8 coiled strongly in a few seconds, but still could recover its shape quickly in a few seconds when put back into distilled water (Video S1 and S2 in the Supplementary Materials). This was in accordance with the previous research for shape responses of Ca 2+ -crosslinked Alg hydrogels to different organic solvents (Torres et al., 2011) . It was due to the large dipole movements of acetone, which made it possible for the negatively charged dipole and positively charged dipole of the same molecule to separate (Linstrom and Mallard, 2001) . Acetone was able to attack positively charged Ca 2+ by its negatively charged dipole. When some Ca 2+ was dissociated from the -COO-Ca-OOC-crosslinking points, the originally crosslinked Alg chains were free to coil so that more water was extracted by acetone than methanol (Torres et al., 2011) . In this case, Ca 2+ -Mt2Alg8 films shrank more and displayed a denser microstructure than those in methanol, making it possible for Mt to reorient and significantly bend. However, for Ca 2+ -Mt3Alg7 and Ca 2+ -Mt5Alg5, they did not coil in acetone as did Ca 2+ -Mt2Alg8 but only slightly crumbled at the edges.
This was probably due to the higher content of Alg in Ca 2+ -Mt2Alg8 than the other two as it meant more polymer coils and thus more reshaping when the interlayer water was partially removed.
No matter whether methanol or acetone was used for treating Ca 2+ -MtAlg films, when they were put back in distilled water, they became soft quickly and fully recovered their original state in 4 h, indicating shape-memory effect. In summary, the shape of Ca
2+
-MtAlg films was stable in either methanol or acetone except for the case of Ca 2+ -Mt2Alg8 in acetone, in which it coiled strongly. All the treated films recovered their original state after being putting back in distilled water for 4 h.
Compared to L-Ca 2+ -Mt3Alg7 and Ca 2+ -Mt2Alg8 which displayed drastic shape changes in methanol or acetone (Liang et al., 2016) , Ca 2+ -Mt3Alg7 and Ca 2+ -Mt5Alg5 nanocomposite hydrogel films showed significantly better shape stability. So it is likely for these two nanocomposite hydrogel films to serve in organic solvent-rich environments such as alcohol processing or organic wastewater treatment. The sensitivity of Ca 2+ -Mt2Alg8 nanocomposite hydrogel film to acetone may enable it to serve as a detector of acetone.
Conclusions
Nacre-like Ca Mt3Alg7 and Ca 2+ -Mt5Alg5 could be also used as structural materials in the organic solventrich environment while Ca 2+ -Mt2Alg8 could serve as an acetone-sensitive material.
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